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be observed prior to a large earthquake that may illuminate changes in stress or background slip rate.
Continuous Global Positioning System (cGPS) data reveal a 5-month-long slow slip event (SSE) between
~20 and 35 km depth that migrated toward and reached the vicinity of the mainshock a few weeks
prior to the earthquake. Seismicity in Oaxaca is examined using single station tectonic tremor detection

Keywords: and multi-station waveform template matching of earthquake families. An increase in seismic activity,
earthquakes detected with template matching using aftershock waveforms, is only observed in the weeks prior to
tremor the mainshock in the region between the SSE and mainshock. In contrast, a SSE ~15 months earlier
slow slip occurred at ~25-40 km depth and was primarily associated with an increase in tectonic tremor. Together,
Mi):iicot' these observations indicate that in the Oaxaca region of Mexico shallower slow slip promotes elevated
subduction

seismicity rates, and deeper slow slip promotes tectonic tremor. Results from this study add to a growing

swarm number of published accounts that indicate slow slip may be a common pre-earthquake signature.
© 2017 Elsevier B.V. All rights reserved.
1. Introduction slow slip events (SSEs) are often accompanied by a tremor signal,

commonly referred to as tectonic tremor. Matched-filter template
scanning reveals tectonic tremor is an outcome of intense swarms
of low-frequency earthquakes (e.g., Shelly et al., 2007) more eas-
ily triggered than traditional seismicity (Rubinstein et al., 2007;
Thomas et al,, 2009). Other studies show swarms of traditional
earthquakes occur during SSEs (Crescentini et al., 1999; Delahaye
et al, 2009; Linde et al, 1996; Lohman and McGuire, 2007;

The megathrust fault in subduction zones, which is host to the
world’s largest earthquakes, exhibits several types of seismic and
slip behavior. Earthquakes, or stick-slip behavior, typically occur
at shallow depth (<~25 km), while aseismic continuous creep,
or stable sliding, typically occurs deeper along the plate inter-
face (>~25 km). Recent studies have revealed episodic tremor and
slip (ETS) can form a transition zone between stick-slip and sta- ’
ble sliding along the plate interface at depths of ~25 km to as Montgomery-Brown et al., 2009; Ozawa et al, 2007; Vidale et
much as 80 km depth (Rogers and Dragert, 2003: Schwartz and al., 2011; Vallée et al., 2013). Both observations are consistent
Rokosky, 2007). Geodetic evidence of transient deformation reveals ~ With models that suggest SSEs along a megathrust transfer stress

to adjacent stick-slip sections of the plate interface, which in-
creases the probability of seismicity, whether it be increased seis-
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Fig. 1. A map of the study area: Oaxaca region, southern Mexico. State borders are plotted as solid lines. (a) The location of ¢GPS (green squares, lowercase names) and
seismic stations (black triangles represent temporary stations and pink triangles represent permanent stations, upper case names). (b) The various forms of seismic and slip
behavior, and the slab depth contours (dotted lines) (Fasola et al., 2016). The 2010-2011 SSE (yellow curve, Graham et al., 2015) was correlated with tectonic tremor (red
curve, Fasola et al., 2016; see also Fig. S3). The 2011-2012 SSE (green curve; Graham et al., 2014), which was active immediately prior to the M,, 7.4 Ometepec earthquake.
The USGS epicenter and CMT focal mechanism are plotted at the original USGS epicenter. The epicenter determined by the local network is updip of the USGS location (pink
star); repeating earthquakes (blue circles, Fasola et al., 2016) detected with the template matching method on Ometepec aftershocks; and a seismic swarm first detected in
2006 near the downdip edge of the seismogenic zone (purple circle, Skoumal et al., 2016). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

the discovery of SSEs has been to detect and identify connections
between SSEs and large megathrust earthquakes.

The March 20, 2012 M,y 7.4 Ometepec earthquake off the coast
of southern Mexico occurred at a depth of ~15 km along the
subduction megathrust with a pure thrust focal mechanism and af-
tershocks distributed along the subduction interface (Figs. 1 and S1,
Supplementary Material) (UNAM Seismology Group, 2013). The
Ometepec earthquake provides a unique opportunity to investigate
the patterns of slow slip, tremor, and changes in seismicity rates
prior to a large earthquake. This study describes the history of SSEs
in the Oaxaca region of Mexico, which includes a SSE immediately
preceding the Ometepec earthquake and examines the evidence for
tremor or changes in seismicity rates prior to the earthquake. The
study also investigates spatial and temporal patterns of seismicity
in advance of the Ometepec earthquake. Finally, the observations
are considered in the context of other studies that show potential
relationships between slow slip, tremor, increased seismicity rates,
and large earthquakes.

2. Previous geodetic and seismic observations

A network of continuous Global Positioning Stations (cGPS) and
seismic stations have been operating in the Oaxaca region since
1993. 14 cGPS were installed between 1993 and 2011, and 7
three-component broadband seismometers were installed in 2006
(Fig. 1a). 2 additional stations were deployed in 2008 to the west
of Oaxaca in eastern Guerrero, and 5 additional stations were per-
manently added in and around the Oaxaca state to from the Ser-
vicio Sismolégico Nacional (SSN) array achieve a station spacing of
~70 km (Fig. 1a).

¢GPS solutions indicate a northward long-term, interseismic
strain accumulation and a southward strain release during SSEs
(Brudzinski et al., 2007; Correa-Mora et al., 2009). Since 1993,
SSEs in the Oaxaca region were documented to occur every 1-2
years with durations of ~2-4 months (Brudzinski et al., 2007).
Geodetic inversions for the SSEs in 2004, 2005/6, 2007, 2008/9,
and 2011/12 indicate that SSEs occurred in the transition zone
downdip of the seismogenic zone defined by historic earthquakes
(Fig. 1b) (Correa-Mora et al., 2009; Graham et al., 2014, 2015). Con-

versely, the 2010/11 SSE occurred further inland and downdip of
the typical SSEs observed in Oaxaca (Fig. 1b; Graham et al., 2015).

The first study to exploit seismic data from this network iden-
tified tectonic tremor episodes throughout 2006-2007 that lasted
a few days, occurred as often as every 2-3 months (Brudzinski et
al.,, 2010). Tremor locations defined a trench-parallel band imme-
diately downdip of SSE locations previously determined by cGPS
inversions (Fig. 1b and Fig. S3). The observed tectonic tremor did
not correlate temporally with observed SSEs. This observation re-
sembles those from Nankai in Japan where only weak amounts of
tectonic tremor are observed during large, long SSEs at ~20-30 km
depth detected with cGPS and an abundance of tectonic tremor is
observed during small, short SSEs at ~30-40 km depth detected
with tiltmeters (Obara et al., 2004; Hirose and Obara, 2005). Since
such high precision geodetic instruments are not available in Oax-
aca, the typical short duration tectonic tremor may be coincident
with the small, short, deep slow slip that occurs below the current
resolution of the ¢GPS (Brudzinski et al., 2010).

More recently, Fasola et al. (2016) analyzed seismic data from
the local network from 2006 to 2012, which includes the Omete-
pec earthquake and its aftershock sequence, to construct a catalog
of earthquakes for the region and update tremor locations to de-
termine the geometry of the plate interface. The distribution of
well-located earthquakes delineated the geometry of the subduct-
ing plate and revealed a sharp bend in a shallow to steeply dipping
slab from western to eastern Oaxaca (Fig. 1b, dotted lines). The up-
dated catalog of tremor distributions (Fasola et al., 2016) together
with cGPS measurements (Graham et al., 2015) showed SSEs prop-
agate across the sharp bend in the subducting plate, which indi-
cated the plate is not torn in this location.

3. Observations prior to the Ometepec earthquake

The March 20, 2012 M, 7.4 Ometepec earthquake occurred off
the coast of the Oaxaca region of Mexico along the subduction
megathrust. The USGS location of the event was at the downdip
edge of the seismogenic zone (Fig. 1b), close to the western limit
of the preceding SSE (described below). However, the first motions
from the local seismic network indicate the earthquake initiated
~30 km updip (Fig. S1, Supplementary Material), significantly shal-
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Fig. 2. North component of motion for selected (a) coastal and (b) inland cGPS sta-
tions during the 2011/12 SSE (after Graham et al., 2014). Dashed line denotes time
of the mainshock. Vertical black bars indicate approximate SSE onset time. From
east to west (bottom to top of panels), the SSE onset times become progressively
later and begin only several weeks before the Ometepec earthquake at the two
westernmost sites OMTP and OXAC.

lower than the updip limit of the SSE (Figs. 1b and 3a). A data gap
occurred on several seismic stations from late 2009 to early 2010,
so this study focuses on data from June 2010 through the after-
shock sequence for the Ometepec earthquake.

3.1. Geodetic observations

The 2011/12 SSE was investigated in detail by Graham et al.
(2014) since it occurred near the source region of the Ometepec
earthquake in the months leading up to the mainshock. We re-
count the key results as it motivates the seismological analysis in
the current study. Slow slip was first detected in early November
2011 at the two easternmost coastal and inland sites, HUAT and
OXEC, respectively (Fig. 2). Slip was then detected on stations pro-
gressively farther northwest at increasingly later times. Slip only
began at site OMTP, the station nearest the epicenter, weeks before
the earthquake and was ongoing at the time of the earthquake.

Fig. 3 shows best-fit space-time evolution of slip for the
2011/12 SSE determined by Graham et al. (2014). The results in-
dicated a westward migration of slip for ~300 km along-strike
(Fig. 3). The SSE started in the eastern and central regions of Oax-
aca in November 2011, migrated westward below central Oaxaca in
December and January 2012, which was also when the majority of
the slip occurred, and moved to the far western regions of Oaxaca
in February and March 2012, downdip from the imminent Ome-
tepec earthquake (Fig. 3). Slip primarily occurred between depths
of 20 and 40 km and closely followed the 20 km updip bound-
ary of the transition zone. The cumulative surface displacement
from cGPS range from a few mm to 10 mm (Fig. 2), where the
largest displacements occurred near the midpoint of the network.
The cumulative equivalent moment magnitude was M,, 6.9, with
a maximum slip of ~100 mm approximately 125 km east of the
earthquake epicenter (Fig. 3a).

3.2. Seismic observations
Previous studies of SSEs and seismicity have suggested possible

spatial and temporal changes in tectonic tremor and earthquakes
may occur prior to large-to-great earthquakes (see Section 4 for

| ('e) "2012.1-2012.22 '

&
sde 4

- I E I & I = I

Fig. 3. (a) Best-fit slow slip solution from cGPS modeling (Graham et al., 2014),
which illustrates the cumulative slow slip from November 1, 2011 to March 12,
2012 Ometepec earthquake (pink star). The blue crosses represent the location of
aftershocks used as templates to construct earthquake families. (b-e) Monthly time
steps of slow slip and template matching results that illustrate activity of aftershock
families before the mainshock. Only families that experience more than 15 events
during the time frame are shown. Green circles in the final time frame show nearly
all families were active the week before the Ometepec earthquake. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)

details). This section discusses a variety of seismic observations
(e.g., tectonic tremor, repeating earthquakes, changes in earthquake
rates) prior to the Ometepec earthquake and coincident with the
2011-2012 SSE. Based on the spatial offset between the SSE and
the hypocenter determined from the local network, seismicity that
may have assisted the transfer of stress updip and potentially trig-
gered the Ometepec earthquake is of specific interest.

3.2.1. Tectonic tremor

To detect tectonic tremor, a single station, we applied a fre-
quency scanning detection algorithm developed for Cascadia to
seismic data from the local network in the Oaxaca region to ex-
ploit the unique frequency content of tectonic tremor (2-5 Hz)
and reduce possible false detections from cultural noise and lo-
cal seismicity (Sit et al., 2012). We filtered data with three
frequency ranges to identify the seismic activity observed: tec-
tonic tremor (2-5 Hz), local seismicity (10-15 Hz), and cultural
noise (0.01-0.2 Hz). While tremor is typically present throughout
1-8 Hz, a narrower range of 2-5 Hz avoids influences from other
signals. The algorithm calculates a ratio of amplitudes at differ-
ent frequencies to amplify the low frequency signature of tectonic
tremor, while also down weighting local seismicity and cultural
noise. We determined an overall ratio value for each nighttime
hour and then established a detection threshold of 2-sigma over
the mean for a given year (Fig. 4a). To estimate tremor activity for
a given day, the number of hours detected from nighttime analysis
were doubled. For a network-wide tremor detection (Fig. 5a), two
or more nearby single stations were required to have a positive
detection during the same hour.
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Fig. 4. (a) Comparison of results from single station frequency scanning and mean amplitude processing at OXNC, OXSV, and OXEC. Upper-case alphabetical letters indicate
tremor episodes that have been located using a semi-automatic method in the bottom row (Brudzinski et al., 2010). Lower-case letters indicate examples of newly detected
tremor episodes that have been visually verified. Grayed out letters indicate cultural noise and local earthquakes (verified in Fig. S1) that have been successfully avoided. (b)
Tremor detections are verified through coherent activity observed from 2 to 5 Hz filtered seismograms from nearby stations along with spectrogram analysis from station

OXNC for 1-hour sample of data.

Single station frequency scanning results produced comparable
detections to single station mean amplitude scanning algorithms
from Brudzinski et al. (2010) in this region. Fig. 4 shows results
for frequency scanning from mid-2006 to mid-2007, which were
compared to mean amplitude processing for stations OXNC, OXSV,
and OXEC. Results from a semi-automated tremor location tech-
nique were also available during times of prominent tremor energy
(located events are labeled with upper-case alphabetical letters).
Single station frequency scanning produced similar if not more
clearly distinguished tremor events than the mean amplitude pro-
cessing detection method. Most noticeably at station OXSV, where
mean amplitude processing has difficulty detecting any events over
2-sigma, the frequency scanning method detected distinct events

lasting multiple hours. Frequency scanning also revealed several
new short duration tremor episodes. Fig. 4b shows examples of
two newly identified episodes, which were verified by inspection
of nearby station seismograms for correlated activity and exami-
nation of spectrograms for sustained amplitudes in the tremor fre-
quency range. This case resembles that of more prominent tremor
episode C. The Supplementary Material provides evidence that this
technique avoids detection of cultural noise and local earthquakes
similar to Sit et al. (2012) (Fig. S2).

Prior analysis of the first 14 months of the local deploy-
ment by Brudzinski et al. (2010) found tectonic tremor occurs
for a short duration (2-10 days) as often as 2-3 months, but
poorly correlates with cGPS-detected SSEs. While we identified
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Fig. 5. (a) Network-wide tremor detections spanning mid-2006 until the Ometepec mainshock. Number of hours per day with positive tremor detections based on the
technique of Sit et al. (2012) that uses ratios of amplitudes at different frequencies to determine whether tremor occurs in any given hour. The arrow marks the time of the
M,y 7.4 Ometepec earthquake. Gray bars represent the approximate duration of geodetically observed SSEs from Graham et al. (2014, 2015). Alphabetically labeled events are
located tremor events from Fig. 2 and roman numerals represent dates that are verified through filtered seismograms at multiple stations. (b) 12-h filtered seismograms for
the labeled dates. Positive detections, episodes I and III, show correlated emergent activity at multiple stations. Null detections, episodes Il and 1V, experience less activity,
but show evidence for several short duration, instantaneous local earthquakes that appear as very thin vertical lines. The y-axis for station seismograms range from —100 to
100 nm through —1500 to 1500 nm to best reflect correlated signals across multiple stations.

some tectonic tremor during the 2011/12 SSE, it is near the
background rate (Fig. 5). Visual inspection of bandpass-filtered
seismograms confirms the sparse tremor activity during the SSE
and in the months prior to the Ometepec earthquake, which in-
cludes the several hours immediately prior to the earthquake
(Episode IV in Fig. 5). Episodes II and Il during the SSE are
examples of a null and positive detection, respectively, which
have distinctly different patterns (Fig. 5). These examples also
illustrate the short duration, large amplitude activity of local
earthquakes (II), and the long duration, emergent activity of
tremor (III).

Tectonic tremor is detected on less than 15% of the total days
during 5 of the 6 most recent SSEs in the Oaxaca region (Fig. 5).
The one exception is the 2010/11 SSE, the last completed SSE
prior to the Ometepec earthquake. Frequency scanning detected
tremor on 60% of the days with an average tremor rate of 7 h
per day. We found several days with up to 20 h of tremor, and
a peak of 100 h of tremor in a week (Figs. 5a and 6a). While
the tremor rate does not appear to increase during the 2011/12
SSE, the updip location of the SSE led us to investigate of the
possibility of increased seismicity prior to the M,, 7.4 Ometepec
earthquake.
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Fig. 6. Comparison of geodetic and seismic signatures in the Oaxaca region in the 2 years leading up to the Ometepec earthquake. This time frame was chosen for analysis as
there are no data gaps for the seismic analysis. Green dots show transient motions associated with slow slip calculated by correcting cGPS north displacements to remove the
long-term northward trend associated with megathrust strain accumulation. Colored lines show weekly rates of detected seismicity or tremor. (a) Comparison with number
of hours of detected tectonic tremor per week (red) using a ratio of amplitudes from different frequency bands. (b) Comparison with number of matched earthquakes per
week using the Ometepec aftershocks as template events (blue). (c) Comparison with number of matched earthquakes per week using the 2006 downdip earthquake swarm
as template events (purple). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2.2. Earthquake families

The Ometepec aftershock sequence provides a robust catalog
of earthquakes, which we utilized to help illuminate the time
history of seismicity in and around the Ometepec rupture zone.
A lack in prominent tremor activity and the occurrence of a shal-
low SSE prior to Ometepec event motivated our investigation of
seismicity rates, similar to Delahaye et al. (2009) where earthquake
swarms are observed to be associated with shallower SSEs. We em-
ployed a multi-station waveform matching technique to identify
times when events with similar waveforms, or earthquake fami-
lies, are active prior to the Ometepec mainshock (e.g., Shelly, 2009;
Skoumal et al., 2015). The technique allows for a lower magnitude

detection threshold for seismicity in our region of interest. Since it
was computationally infeasible to process the entire Oaxaca earth-
quake catalog over multiple years, we investigated three catalog of
earthquake families: all cataloged aftershocks within first 24 hours
of the Ometepec mainshock that were primarily constrained to the
mainshock rupture area, aftershocks with clear waveforms in the
first 1-10 days of the mainshock that covered a broader area, and
earthquakes in the 2006 swarm region to the east (Fig. 1).

Fasola et al. (2016) manually reanalyzed P- and S-wave arrivals
for each cataloged earthquakes and inverted for a source location
with a locally appropriate velocity model. We constructed tem-
plates using various station combinations to optimize the matching
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performance (e.g., Skoumal et al., 2015), and found the best results
using stations OXMA and OXTT. Other potential stations in the lo-
cal network have data gaps or higher noise levels over the time
frame investigated in this study that degraded the template match-
ing performance. All three station components for these stations
have a unique waveform that preserves the time offset between
arrivals at different stations (Fig. 7). Each template waveform was
downsampled to 40 samples/s, bandpass filtered between 5 and 15
Hz, and cross-correlated against its respective station-component
data stream from June 2010 until the mainshock. The correlated
results are summed based on the time offsets and divided by the
number of data streams to form the network normalized corre-
lation coefficient (NNCC). Similar to previous template matching
studies (e.g., Skoumal et al, 2015), the detection threshold was
set at 15 times the median absolute deviation (MAD) of the daily
NNCC to minimize both false negatives and false positives. Theo-
retically, correlation of a randomly generated template against a
random year-long signal at 40 samples/s would result in ~1 false
positive based on what 15 x MAD represents. We determined local
magnitudes through a Richter scale approach:

My =log 10[A/Ao]

For each station and component in our template, we calculated
the median scale factor (Ag) using the filtered S waveform ampli-
tudes (A) and catalog magnitudes for all events from Fasola et al.
(2016). For each matched event, we calculated a magnitude from
the scale factor and S waveform amplitude at each station and
component, and took the median value as our final magnitude.

Fig. 8 shows waveforms for matches from one template event,
which illustrates the earthquakes in a family are similar but typi-
cally not identical. This suggests the detected seismicity in Oaxaca
represents groups of events with similar but not identical source
locations.

First, we focused on using aftershocks during the first 24 hours
following the mainshock as templates to look for any patterns of
earthquake families through time and potential relationships to
SSEs (Fig. 5b). We started with this set of templates because they
were most likely represent slip within (or closest to) the main-
shock rupture zone. Fig. 9a shows the magnitudes over time for
template matched events. The frequency-magnitude distribution of
matched events (Fig. 9b) is similar to that of individual template
events (Fig. 9c) above the magnitude of completeness (M.) of 3.0.
The maximum likelihood estimate of the b-value of ~0.8 is similar
in both cases with the same Mc, but there is a shallower slope for
smaller magnitude matched events, which suggests that the tem-
plate matching is not capturing smaller magnitude events (<Mq).

Fig. 9a shows a somewhat constant level of seismicity, with
>10 matched events in all months analyzed, but there were
several bursts of activity that suggest significantly higher seis-
micity rates. Fig. 6b illustrates the rate of seismicity per week
we calculated from 2010 to immediately prior to the Ometepec
earthquake based on earthquake families from the first 24 hours
of aftershocks. The highest seismicity rates occurred during the
2011/12 SSE, which did not correlate with tectonic tremor (Fig. 6a).
Conversely, lower weekly seismicity rates occurred during the
2010/2011 SSE (Fig. 6b), but this event did correlate well with tec-
tonic tremor (Fig. 6a).

Templates from the first 10 days of aftershocks from the Ome-
tepec earthquake cover a broad region up and downdip of the
mainshock epicenter (Fig. 3a). Of the 36 templates identified, 27
showed an increase in activity during the 2011/12 SSE. Fig. 3b-e
illustrates the most active templates (>15 matches in each time
frame) during the months preceding the mainshock. It is impor-
tant to note that throughout the SSE the active earthquake families
were only located between the earthquake epicenter and the slow
slip region; none of the earthquake families located updip of the
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Fig. 8. Filtered, normalized OXMA-BHZ waveforms for the best matching events (MAD > 20) using a single aftershock of the Ometepec sequence as the template.

mainshock experienced any change in rates (Fig. 3b-e). At the be-
ginning of the SSE when slip is furthest away from the mainshock,
only 3 template families were active (Fig. 3b). As the amount of
slip increases and migrated westward in December 2011 (Fig. 3c)
and January of 2012 (Fig. 3d), more earthquake families became
active and spatially filled the area between the SSE and earthquake
epicenter. Interestingly, the number of active templates remained
high even though the modeled amount of slip decreased in Febru-
ary and March (Fig. 3e). The green circles in Fig. 3e illustrate 14
templates were active the week prior to the earthquake, which
includes the earthquake families closest to the epicenter of the
mainshock that were not previously active during the SSE.

To help investigate if seismicity rate changes are associated
with SSEs outside the Ometepec rupture zone, we also performed
template matching on a documented earthquake swarm at the
downdip edge of the seismogenic zone in 2006 about 50 km east
of the mainshock (Fig. 1, purple circle) (Skoumal et al., 2016).
Fig. 9d shows the magnitudes over time for earthquake fami-
lies generated using the 2006 swarm events as templates. The
frequency-magnitude distribution of matched events (Fig. 9e) is
similar to that of template events alone (Fig. 9f) above a magni-
tude of completeness (M) of 2.0. The M. for the 2006 swarm is
lower than for the Ometepec aftershocks because of the proximity
to station OXTT. Similar to results using the Ometepec aftershock
templates, the maximum likelihood estimate of the b-value is also
~0.8 for both matches and templates using the same M, with a
shallower slope for events below the M.. Generally, the number of
matched events per month was higher than that from the Omete-
pec aftershocks (Fig. 9a and d), but it is common for swarm regions
to have higher seismicity rates. The rate of earthquake families
from the swarm did not increase during the 2011-12 SSE, nor was
there a noticeable increase in detected events during the 2010-11
SSE that correlated with tectonic tremor (Fig. 6¢). However, an in-

creased seismicity rate is observed during the SSE in mid-2010 at
the beginning of reliable seismic recording analyzed in this study
(Fig. 5¢).

4. Evidence slow slip promotes seismicity

Analysis of seismic and cGPS data from the local network in
the Oaxaca region of Mexico in our study has revealed changes in
seismic behavior coincident with the 3 most recent SSEs. We de-
tected an increase in the rate of earthquake families from the after-
shock sequence of the Ometepec earthquake during the 2011-12
SSE (Fig. 6b). Both the earthquakes (~15-20 km depth) and the
SSE (~20-35 km depth) occurred near the base of the seismo-
genic zone (Fig. 1b). Similarly, we detected an increase in the
rate of earthquake families from a 2006 earthquake swarm during
the mid-2010 SSE (Fig. 6¢). The swarm earthquakes occurred at a
slightly deeper depths (~20-25 km) (Fig. 1b), and the mid-2010
SSE occurred at depths between the shallow 2011-12 and deep
2010-11 SSEs (Graham et al., 2014, 2015). The rates of all earth-
quake families we investigated remained low during the 2010-11
SSE, which occurred deeper along the subduction zone interface
(~23-40 km) (Fig. 1b). However there was an increase in tectonic
tremor at depths of 25-60 km during the 2010/11 SSE. These ob-
servations resemble those from Nankai in Japan where only weak
amounts of tectonic tremor were observed during long-term SSEs
at ~20-30 km depth and an abundance of tectonic tremor was
observed during short-term SSEs at ~30-40 km depth (Obara et
al.,, 2004; Hirose and Obara, 2005). Additionally, the findings are
similar to those for SSEs in New Zealand, where shallow SSEs
were associated with earthquake swarms and not tectonic tremor
(Delahaye et al., 2009). Cumulatively, these results indicate SSEs
can promote slip on nearby patches of the subduction interface
that results in either tremor or seismicity depending on the depth.
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Fig. 9. Results of template matching from the first 24 hours of Ometepec aftershocks (a-c) and the 2006 swarm (d-f), showing templates (red) and matched events (black).
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to the template. (b) and (e) Frequency-magnitude distribution for matched events and templates. (c) and (f) Frequency-magnitude distribution for templates only. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Results from this study add to the growing collection of SSEs
that promote some form of seismic activity. At least 10 studies
show geodetic or paleoseismic observations of slow slip (e.g., level-
ing, cGPS, strainmeter, tide gauge, pressure gauge, microfossils) be-
fore M > 6 earthquakes (Roeloffs, 2006; Ito et al., 2013) (Table S1,
Supplementary Material). Additionally, at least 20 studies docu-
ment swarms of smaller earthquakes coincident with geodetically-
measured slow slip (Linde et al., 1996; Crescentini et al., 1999;
Lohman and McGuire, 2007; Ozawa et al., 2007; Delahaye et
al.,, 2009; Montgomery-Brown et al.,, 2009; Vidale et al.,, 2011;
Vallée et al., 2013; Ruiz et al.,, 2014), and several more document
tectonic tremor associated with slow slip (e.g., Ozawa et al., 2004;
Shelly et al,, 2007; Schwartz and Rokosky, 2007). If swarms of
seismicity are taken as a proxy for slow slip, either in the form
of earthquake swarms or tectonic tremor, there are an additional
6 reports of seismicity rate changes in advance of large earth-
quakes (Uchida et al., 2004; Shelly, 2009; Bouchon et al., 2011;
Kato et al, 2012; Ruiz et al., 2014). Finally, there is also ev-
idence that some aftershock sequences are driven by postseis-
mic afterslip (e.g., Perfettini and Avouac, 2004; Hsu et al., 2006;
Nadeau and Guilhem, 2009).

The temporal and spatial observations of slow slip and seismic-
ity prior to the Ometepec earthquake provide an opportunity to
investigate models for how slow slip can promote seismic activ-
ity. The two relationships most commonly attributed to triggered
earthquakes are through dynamic stress or static stress transfer.
Segall and Bradley (2012) proposed a model for dynamic stress
transfer where slow slip partially propagates into the locked seis-
mogenic zone and dynamically evolve into earthquake rupture.
Because the Ometepec epicenter occurs ~30 km updip from the
geodetically detected SSE, an evolution from slow slip to earth-
quake rupture seems unlikely. This does not appear to be an un-
common observation as several other recent studies indicate SSEs
increase seismicity despite spatial separation (Linde et al., 1996;
Crescentini et al., 1999; Lohman and McGuire, 2007; Delahaye et
al., 2009; Montgomery-Brown et al.,, 2009; Ozawa et al.,, 2007;
Vidale et al., 2011; Vallée et al., 2013). Static stress models sug-
gest SSEs transfer stress immediately updip of the slow slip region
(Dragert et al., 2004) and that repeated SSEs cause a stress concen-
tration at the base of the seismogenic zone (Colella et al., 2011),
both of which may encourage earthquake initiation at the junction
between slow slip and earthquake slip (Matsuzawa et al., 2010).
The spatial offset of the Ometepec epicenter ~30 km updip from
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the SSE also suggests the amount of static stress change where
the rupture initiates is quite small. Graham et al. (2014) calcu-
late Coulomb stress changes from the 2011-12 SSE would be less
than 0.01 bar at the epicenter if slow slip equal to or greater than
10 mm is used in the calculation. Larger positive stress changes
(up to 0.03 bar) are predicted at the epicenter for solutions that
are driven when slip greater than 5 mm is included in the calcu-
lation, but slip values this small may not be well resolved.

Nevertheless, increased rates of earthquake families between
the epicenter and the SSE prior to the Ometepec earthquake oc-
curred with no significant change in tremor activity at deeper
depths. Similarly, a relatively shallow SSE in mid-2010 about
50 km east of the Ometepec earthquake promoted increased seis-
micity in the lower seismogenic zone but did not result in in-
creased tremor activity. These observations suggest the effects of
the SSE are concentrated in the region immediately updip from
the SSE. While previous studies have suggested migrating small
seismicity indicates the existence of a SSE that could be below
the level of detectability (Kato et al., 2012; Kato and Nakagawa,
2014), an alternative hypothesis to stress triggering that may ex-
plain these observations is that a SSE liberates fluids as the slip
breaks a hydrologic seal that forms in between episodes (Audet et
al.,, 2009). As the freed fluid attempts to flow upward along the
plate interface it would raise pore fluid pressures in the lower por-
tion of the seismogenic zone and potentially lower the effective
stresses enough to trigger seismicity. Evidence for or against this
hypothesis should be the target of future studies.

Observations from the 2012 M,y 7.4 Ometepec earthquake are
similar to those from several recent large-to-great earthquakes, in-
cluding the 2011 My, 9 Tohoku-Oki, 2012 M,, 7.6 Nicoya Peninsula,
and 2014 M,y 8.1 Iquique earthquakes, where the mainshock was
preceded by detectable slow slip, foreshock activity, and/or earth-
quake swarms (Ito et al., 2013; Kato et al., 2012; Ruiz et al., 2014;
Kato and Nakagawa, 2014; Brodsky and Lay, 2014; Walter et al.,
2015). These recent cases are noteworthy because they likely rep-
resent the best recorded large earthquakes due to the proliferation
of seismic and geodetic monitors over the last decade. Moreover,
the discovery of episodic tremor and slip a little over a decade ago
has led to development of better techniques to discern the various
signatures of slow slip. The improved observations and processing
techniques may help explain why researchers are finding more ev-
idence for relationships between slow slip and earthquakes than
were previously observed.

Despite the growing body of evidence for pre-earthquake tran-
sients, geophysicists are naturally hesitant to rely on precursory
phenomena as a predictive measure because none of the previ-
ously proposed phenomena have yet proven to be predictive at a
statistical significant level (Hough, 2009). Slow slip phenomena are
no exception, as many large earthquakes have no measured pre-
seismic transient deformation (Roeloffs, 2006). While it is likely a
SSE is not required for a large earthquake to nucleate, slow slip
may be occurring below the detectability threshold of cGPS. For
example, despite heavy instrumentation prior to the 2004 M,, 6
Parkfield earthquake, borehole strain data lacked evidence of a
pre-earthquake slip transient (Langbein et al., 2006). However, a
subsequent study revealed the presence of tectonic tremor and
associated migration of seismicity in the 3 months prior to the
earthquake, consistent with deep fault slip, which is undetectable
in a strike-slip regime (Shelly, 2009). This scenario is similar to
other recent observations that have identified subtle precursory
signatures that have required advanced processing to uncover (e.g.,
Kato et al., 2012). Detailed investigations of increased seismicity,
slow slip transients, and tectonic tremor are necessary to more
thoroughly understand the relationship between these phenomena
and large-to-great earthquakes.

The body of evidence collected thus far is sufficient to indicate
that the occurrence of large earthquakes is possible during SSEs,
and that it is imperative the geoscience community further investi-
gate the relationship between SSEs and subsequent behavior prior
to large-to-great earthquakes to create time-varying probabilistic
hazard estimates. Such efforts require significant improvement of
monitoring of transient slip and advanced real-time processing of
seismicity to identify possible precursory activity and improve our
ability to estimate potential increases in earthquake probabilities.

5. Conclusions

The three most recent SSEs in the Oaxaca region of southern
Mexico are each associated with increased seismic activity relative
to background rates. An elevated level of tremor is associated with
the 2010-2011 deep SSE and increased rates of repeating earth-
quakes or earthquake families are associated with the mid-2010
and 2011-2012 shallow SSEs. This suggests deep SSEs that ex-
tend well below the downdip limit of the seismogenic zone are
more commonly associated with tectonic tremor, while shallow
SSEs are more commonly associated with increased rates of tra-
ditional earthquakes. The increase rate of repeating earthquakes
associated with the 2011-2012 SSE, which was active at the time
of the 2012 M,, 7.4 Ometepec earthquake, migrated updip from
the SSE zone toward the epicentral region of the mainshock. These
observations suggest the effects of the SSE are concentrated in the
region immediately updip from the SSE. An alternative hypothe-
sis to stress triggering that may explain these observations is that
a SSE liberates fluids that flow upward along the plate interface,
which may raise pore fluid pressures and lower the effective stress
enough to trigger seismicity. In any case, results from this study
add to the growing collection of SSEs that promote some form of
seismic activity, such that additional studies are warranted to esti-
mate the time-varying probabilistic hazards associated with SSEs.
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